Running title: Tillage and soil warming effects on earthworm populations. ABSTRACT 1. Healthy soils are crucial for sustainable food production, but tillage limits the biological regulation of essential ecosystem services. Better understanding of the
INTRODUCTION
Soils benefit the human population by facilitating essential ecosystem services such as food production, climate regulation and nutrient cycling (Power 2010) . Crucial for a growing human population are the foundations that soils provide for agriculture. However, tillage practices (e.g. moldboard ploughing) have led to extensive soil degradation, placing increasing pressure on ecosystem service delivery (Palm et al. 2014) . To sustain ecosystem services in agriculture a shift in management is needed toward the biological regulation of ecosystem services by the soil biota (Bender, Wagg & van der Heijden 2016) . Within soils, ecosystem engineers are important in facilitating the soil functions that underpin ecosystem services (Barrios 2007) .
Earthworms have been identified as the most important ecosystem engineers in soils and are widely considered important bio-indicators of soil health (van Capelle, Schrader & Brunotte 2012) . By burrowing through the soil, earthworms produce large pores that are important for water flow and retention, aeration, and root development. They help mix organic materials into the soil and aid in aggregate formation, whilst relationships with microorganisms play an essential role in nutrient cycling and organic matter decomposition (Kladivko 2001 ). Different earthworm species play different roles in soil functioning, which are reflected by their functional groups: epigeic, anecic or endogeic. Epigeics are litter transformers, mineralizing and digesting plant remains at the soil surface, anecics inhabit semi-permanent vertical burrows originating at the soil surface whilst endogeics form temporary horizontal burrows in the mineral soil (Bouché 1977) .
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Anecic earthworms have been shown to increase crop yields and aboveground biomass (van Groenigen et al. 2014) , water infiltration rates which reduce surface run-off associated with accelerating soil erosion and flooding (Andriuzzi et al. 2015) , N mineralization from crop residues which promotes plant production (van Groenigen et al. 2014 ) and soil organic carbon (SOC) stocks which is closely associated with nutrient availability and plant quality (Shuster, Subler & McCoy 2001) . However, anecic earthworm populations are significantly reduced in agricultural fields due to tillage (van Capelle, Schrader & Brunotte 2012) . Climatic factors also moderate earthworm populations and can directly influence their response to tillage practices (Briones & Schmidt 2017) . Understanding the mechanisms driving both tillage and climate effects on anecic earthworms is thus important in better informing sustainable agriculture in uncertain future conditions. Tools are needed to better predict how combinations of land management and climate change scenarios affect the provision of ecosystem services from soils. Population models show promise for gaining insights into the feedbacks between populations, management and climate systems, but most are either not realistic or not flexible enough for wide scale application. Statistical models or models that project current situations are also little suited to extrapolation outside the range they are parameterised, and so may be unreliable for prediction under novel future conditions including environmental change (Urban et al. 2016 ).
Mechanistic models which capture key biological, physiological and ecological mechanisms underpinning system functioning should have better predictive power (Evans, Norris & Benton 2012) .
In this paper we present the EEEworm (Energy -Environment -Earthworm) model, a mechanistic individual-based model (IBM) of the anecic earthworm Lumbricus terrestris in the soil system. The model is developed from a previously published mechanistic model, which has demonstrated excellent predictive power for endogeic earthworms (Johnston et al. 2015) . During model simulations, individual physiology and behaviour respond to trade-offs
This article is protected by copyright. All rights reserved. 
MATERIALS AND METHODS
EEEworm builds on the same principles as previously published models of the epigeic earthworm Eisenia fetida and the endogeic earthworm Aporrectodea caliginosa, namely the combination of energy budgets and movement in response to trade-offs in environmental conditions (Johnston et al. 2014a; Johnston et al. 2014b; Johnston et al. 2015) . Previous models proceeded in daily time-steps and represented 2D cross-sections of the soil surface for epigeic or the soil profile for endogeic earthworms, set up with 10 × 10 cm patches and species-specific energy budget parameters and behavioural rules. Here, EEEworm is adapted for the behavioural (e.g. burrowing) and physiological (e.g. life cycle) traits of the anecic earthworm Lumbricus terrestris, an important soil ecosystem engineer in no-till agriculture and natural ecosystems.
MODEL OVERVIEW
EEEworm represents individual earthworms with their own energy budgets and behavioural decisions, interacting with each other and their environment in a spatially explicit IBM. The model environment represents a vertical cross-section of a soil profile, comprising 1 × 1 cm soil patches characterised by soil temperature, water content, texture, bulk density, soil organic matter (SOM) and plant litter quantity and quality inputs (Fig. 1) . EEEworm proceeds in hourly time-steps here with a 12:12 hour day:night cycle. Daily and seasonal fluctuations in soil conditions (e.g. soil temperature, SOM, plant litter), are modelled according to
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observed seasonal and vertical relationships (for further details see Johnston et al. (2014b) and Johnston et al. (2015) and Appendix S1 of the Supporting Information).
(Figure 1 here)
Individual energy budgets describe how individuals acquire energy from food and expend energy on life cycle processes in priority order: maintenance, reproduction, growth and energy storage (Fig. 1) 
Accepted Article
This article is protected by copyright. All rights reserved. must leave a minimum distance of 20 cm between neighbouring burrows (Nuutinen & Butt 2005) . If the population is space-limited, co-habitation of a single burrow can occur between a maximum of two adults, whilst cohabitation of a burrow between a parent and its juvenile offspring can occur at any time (Lowe & Butt 2002; Grigoropoulou, Butt & Lowe 2008 ).
Burrows are modelled as vertical structures, running from the soil surface to deeper soil depths as in Fig. 1 . The vertical elongation of a burrow depends on the occurrence of favourable soil patches at greater soil depths. Mate at surface. Adult L. terrestris are hermaphroditic earthworms which require copulation with other adults every 3 months to transfer sperm and produce cocoons (Butt & Nuutinen 1998 ). In EEEworm, when an individual requires a mate it will sense the presence of another adult within a 20 cm radius of itself at the soil surface during dark hours. If another adult is available within this area, the individual will move towards the other adult until they mate. Adults can then produce cocoons for 3 months after copulation, before needing to mate again.
Move in burrow.
Forage at surface. Individuals forage on plant litter at the soil surface, typically within a 50 cm radius of the burrow mouth (Nuutinen & Butt 2005) . If food is limited, individuals can
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forage to greater distances from their burrows and return to a closer unoccupied burrow if available at day light.
MODEL VALIDATION
Model validation is crucial in testing whether a model can predict individual and populationlevel dynamics in a range of environmental and management conditions. During model validation EEEworm simulates the conditions of published individual-and population-level experiments, and model outputs are compared to the independent published data. Full experimental details for model simulations are presented in Appendix S1 of the Supporting Information, and a summary of each is provided in the following sections.
Individual-level experiments. We simulated five different experiments which observed the effects of food quantity and quality, intraspecific competition, soil temperature and moisture on L. terrestris growth and reproduction, summarised in Table 2 .
Vertical distribution of L. terrestris populations in pasture. Gerard (1967) reported the proportion of an L. terrestris population found at different soil depths throughout the year at Rothamsted, UK. Seasonal soil temperature and soil water potential are summarised in Fig. 
1.
Population responses to tillage practices. Pelosi et al. (2008) 
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experimental period). Direct drilling, chisel ploughing and deep ploughing practices, to 5, 12.5 and 20 cm soil depths respectively, were simulated once a year on 1 st October.
EEEworm populations were sampled on 15 th September or May to a soil depth of 20 cm as in the field sampling.
( Table 2 here)
Modelling tillage effects
Direct mortality. Here, we take a direct earthworm mortality rate of 50% during tillage, as was used for endogeic earthworms (Johnston et al. 2015) . There is little evidence to support a higher or lower direct mortality rate for anecic earthworms. For instance, Crittenden et al. (2014) found earthworm populations to decline by 70% five days after moldboard ploughing in conventional arable fields. Longer-term data suggests higher mortality rates but this is presumably a combination of direct and indirect effects on soil conditions (e.g. (Wyss & Glasstetter 1992) . In EEEworm, the 50% mortality rate is applied to the population present in the tilled soil layers, which depends on tillage practice.
Litter removal. The amount of plant litter at the soil surface is reduced following tillage events, and retained litter is redistributed within the tilled soil layers. The amount of plant residue that is retained varies between the surface tilled/direct drilled and chisel/deep ploughed scenarios. Yang and Wander (1999) reported litter retention of 78 % and 0.08 % in disk tilled and moldboard ploughed fields respectively, compared to no-till control plots.
These values were used to model reductions in the quantity of litter available following tillage events, presented in Fig. S9 of the Supporting Information.
Burrow destruction. Burrow structures are destroyed by converting 100 % of the burrow patches in the tilled/ploughed soil layers to soil patches.
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MODEL APPLICATION
EEEworm was applied to simulate the long-term (116 year) effects of tillage practices on L.
terrestris populations under historical and projected weather conditions for Rothamsted, UK.
The tillage practices simulated were direct drilling and chisel and deep ploughing to 5, 12.5 and 20 cm respectively, as described in Edwards and Lofty (1982) . Sixty six years of historical weather data (1950-2016: Fig. 3a) was extracted from the electronic Rothamsted archive (e-RA), with the initial five year period (1950) (1951) (1952) (1953) (1954) (1955) used to stabilise the model population. Future 'baseline' weather projections for the next 50 years (2017-2067) were constructed as an extrapolation of observed increases and variations in soil temperature and water potentials over the previous 50 years (Fig. 3b) .
(Figure 3 here)
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RESULTS
MODEL VALIDATION
Individual growth and reproduction. The EEEworm model was able to capture the overall patterns in individual growth and reproduction recorded in the published experiments simulated (Fig. 4) 
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Population responses to tillage and ploughing practices. EEEworm predictions of L.
terrestris population densities in response to tillage and ploughing practices are reported in Fig. 6 for the field trial presented by Pelosi et al. (2008) and Fig. 7 for the field trial by Edwards and Lofty (1982) . Pelosi et al. (2008) (Fig. 7) . Average tillage effects (ploughed divided by direct drilled population density) are 0.44 and 0.56 for chisel ploughing in the data and EEEworm, respectively, and 0.16 and 0.28 for deep ploughing in the data and EEEworm, respectively. Differences between L. terrestris population densities sampled by Edwards and Lofty (1982) and Pelosi et al. (2008) are also captured by EEEworm due to variations in soil and environmental conditions, tillage frequency and the soil depth sampled.
(Figure 7 here)
Tillage effects. Comparisons between EEEworm predictions of tillage effects on L. terrestris populations (ploughed divided by direct drilled population density) and data from Edwards and Lofty (1982) when all tillage effects are included (as in Fig. 7) or when direct mortality, litter removal and burrow destruction effects are removed, are presented in Fig. 8 . There is a
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predicting population responses to different tillage intensities (Fig. 8a) . Under soil warming, higher soil temperatures and reduced soil water potentials in our weather scenario place additional energetic demands on individual earthworms (Figs 4b & c) , and when demands cannot be met with sufficient food resources population declines are exacerbated (Fig. 9) . In
EEEworm, greater population declines in deep ploughed scenarios are due to greater plant litter depletion, which intensifies temperature and soil water stress on populations (Figs 9b &   c ). Yet, simulations also showed that deep and chisel ploughed populations avoid total collapse under continued disturbance through L. terrestris adaptive behaviour: individuals burrow to deeper soil depths to avoid increasingly dry conditions in the tilled soil layers. In contrast to the ploughed scenarios, L. terrestris populations responded positively to soil warming under direct drilling, where sufficient food was available to meet the energy costs associated with higher metabolic rates. The importance of L. terrestris as an ecosystem engineer suggests that their higher population abundances in direct drilled fields provide a suite of soil functions essential for improving plant growth (Spurgeon et al. 2013; van Groenigen et al. 2014 ).
In line with our predictions, Simonsen et al. (2010) reported decreasing adult L. terrestris population densities from 28/m 2 in no-till to 3/m 2 in chisel ploughed fields in Wisconsin, whilst Stroud et al. (2016) observed densities < 1/m 2 in long-term conventionally managed plots at Rothamsted.
Here, we predict average L. terrestris population densities of 29, 13 and 4/m 2 in direct drilled, chisel and deep ploughed scenarios after 51 simulation years under historical weather conditions at Rothamsted. Our finding that tillage effects are strongly influenced by litter layer removal is further supported by observed positive correlations between organic amendment quantity and L. terrestris abundance in arable fields (Sizmur et al. 2017) . Vice versa, the positive effects of no-till systems on anecic earthworms are due to improved food availability alongside a lack of physical disturbance. In a global meta-analysis, Briones and Schmidt (2017) found that no-till systems (compared to conventional controls) had a
particularly positive effect on L. terrestris abundance which increased by 178% compared to an overall earthworm abundance increase of 137%. These results indicate the importance of litter retention for optimal management of ecosystem functions facilitated by this important ecosystem engineer.
Long-term responses of earthworms to soil warming have not been well studied. However, a study in temperate grassland showed soil warming to significantly increase anecic earthworm numbers, while endogeic and epigeic populations declined (Briones et al. 2009 ).
This response was likely due to the ability of anecic earthworms to burrow to much deeper soil layers than other functional groups of earthworm, aiding better adaptation to adverse soil surface conditions. Whether earthworms acclimatise to soil warming is unknown, and adaptive strategies towards temperature shifts likely depend on species-specific behaviours (Chuang, Lee & Chen 2004) . The direction and magnitude of warming effects on earthworm abundance will also be strongly influenced by soil water conditions (Eisenhauer et al. 2014) and plant litter availability and quality (Daniel 1991 ). Yet, while we know that earthworms 
This article is protected by copyright. All rights reserved. terrestris is a keystone species closely associated with essential soil functions and ecosystem services such as primary productivity, soil fertility and flood prevention.
Experimental evidence (e.g. Stroud et al. 2016 ) and our simulations suggest L. terrestris populations are decimated by deep ploughing mainly due to removal of the litter layer following tillage. In the context of soil warming through climate change, removal of the litter layer will exacerbate L. terrestris population declines in ploughed fields if soil conditions also become drier as in our simulation. Our results suggest that pre-emptive strategies to mitigate climate change impacts on soil health in agroecosystems should focus on decreasing tillage intensity and retaining crop residues and organic amendments at the soil surface. As L.
terrestris vulnerability varies seasonally, recommendations for conserving L. terrestris populations will depend on site-specific combinations of environmental conditions and
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